Background. Vaginal rings (VR) containing antiretroviral (ARV) drugs can be utilized for prevention of human immunodeficiency virus (HIV) with potential for improved adherence compared to daily pills. Combination ARV VRs could improve efficacy.
Vaginal rings (VRs) have served as an effective delivery method for contraception and hormone replacement [1, 2] . More recently, VRs impregnated with antiretroviral (ARV) compounds have been demonstrated safe and effective in preventing the sexual transmission of human immunodeficiency virus (HIV) to women [3, 4] . Topical microbicides and systemic options for preexposure prophylaxis (PrEP) offer women multiple potential strategies to prevent sexual HIV acquisition [5, 6] . Two phase 3 trials of a dapivirine VR in Africa have demonstrated efficacy (27-31% reduction in HIV incidence) with additional analyses indicating higher efficacy with consistent adherence [3, 4, 7] .
The design of a combination microbicide VR is based on strong clinical rationale for combining ARV drugs with different mechanisms of action to increase the breadth of protection against ARV-resistant HIV strains as well as potentially protect against emergence of resistant HIV viral strains. Among phase 3 dapivirine VR clinical trial participants who acquired human immunodeficiency virus type 1 (HIV-1) infection, relevant resistance mutations were not detected at a higher frequency than placebo recipients, but this remains a theoretical concern [3] .
Vicriviroc (VCV) is a CCR5-receptor antagonist that is potent against CCR5-tropic viruses, the predominantly transmitted HIV-1 strain [8] [9] [10] . MK-2048 is an HIV-1 integrase inhibitor that is highly potent against both wild-type HIV-1 and raltegravir-resistant isolates [11, 12] . Preliminary studies indicate additive antiviral activity of the 2 compounds when tested at equimolar concentrations relative to single drug alone [13] . The combination of 2 potent ARV drugs not currently used for HIV-1 treatment could serve as an ideal HIV prevention modality.
The MTN-027 study evaluated the safety, pharmacokinetics (PK), and pharmacodynamics (PD) of VRs containing VCV and/or MK-2048 compared to placebo. All study VRs are smooth, flexible, and have an ethylene vinyl acetate copolymer matrix with an outer diameter of 54 mm and a cross-sectional diameter of 4 mm. The MK-2048 VR contains 30 mg of MK-2048, and the combination VR (MK-2048A) contains 182 mg of VCV and 30 mg of MK-2048; both are off-white and opaque in appearance. The VCV VR contains 182 mg of VCV, and the placebo VR contains no compound; both are clear in appearance.
M A J O R A R T I C L E
The primary objectives were to assess the safety and PK of the VRs in vaginal fluid, plasma and cervical tissue after 28 days of continuous use, followed by 7 days off product. Safety was evaluated as the proportion of women with related genitourinary adverse events (AEs) and proportion of women with any grade 2 or higher AEs [14, 15] . Secondary objectives were to evaluate acceptability and adherence over 28 days of use. Exploratory objectives included evaluation of HIV inhibitory activity in cervical tissue obtained on day 28 using the HIV ex vivo challenge assay, concentrations of VCV and MK-2048 in rectal fluid in a subset of participants, and evaluation of the relationship between participant self-report of adherence with VCV and MK-2048 remnant content in returned VRs.
Eligible women were 18-45 years of age, HIV-negative, sexually abstinent, and using effective contraception. Major exclusion criteria included: receipt of pre-or postexposure HIV prophylaxis in the past 6 months; pregnant or breastfeeding; hepatitis B or C infected; urinary, reproductive tract or sexually transmitted infection requiring treatment; and clinically apparent gynecological abnormalities.
After providing written informed consent and undergoing a screening evaluation, eligible participants were randomized in a 1:1:1:1 ratio to a VR. At the enrollment visit, women were provided instructions for VR self-insertion prior to a pelvic examination to confirm placement. Blood and vaginal fluid were obtained at 1, 2, 4, and 6 hours after VR insertion at enrollment and on day 28 after VR removal for PK assessment. At all other visits (days 1, 2, 3, 7, 14, 21, 29, 30, 31, and 35) blood and vaginal fluid were obtained at a single time point for PK assessment. Participants self-collected a vaginal swab to obtain vaginal fluid using a standardized protocol. The enrollment visit was scheduled to avoid menses in the first 7 days of the study. Tampon use was not allowed 24 hours prior to a study visit. Blood and urine was obtained for safety labs and pregnancy testing, respectively. Cervical tissue biopsies were collected for PK and PD assessment immediately after VR removal; the PK biopsy was frozen at -80° C, and the PD biopsy was transported to the laboratory. The used VRs were assessed for remnant VCV and MK-2048 concentrations. A subset of participants had rectal fluid collected via a sponge at enrollment and day 28. Behavioral assessments were performed via computer assisted self-interviews (CASI) at enrollment, days 7, 14, 21, 28, and at the final visit. Each participant underwent an open-ended in-depth interview at the final study visit.
VCV and MK-2048 concentrations in plasma, vaginal fluid, rectal fluid, and cervical tissue were quantified via validated liquid chromatographic-tandem mass spectrometric assay using human EDTA plasma matrix. The analytical range was 25 pg/ mL to 50 000 pg/mL and the lower limit of quantitation was 25 pg/mL. Vaginal fluids were extracted from swabs using 1 mL of human EDTA plasma. This plasma-vaginal fluid extract was further diluted (10× to 106×) with human EDTA plasma to achieve final concentrations in the 25 pg/mL to 50 000 pg/ mL assay range. Rectal fluid was also extracted from the sponge with EDTA plasma. Cervical tissue samples were digested with 1 mL of blank 70% Lithium Heparin plasma: 30% Collagenase 1a 5.0mg/mL solution. Following homogenization, the sample was diluted with human EDTA plasma to achieve a concentration within the analytical range of the assay.
Cervical tissue samples were used for the ex vivo HIV challenge assay [16] . Cervical biopsies were exposed to HIV-1 BaL for 2 hours, washed, and placed in culture. On day 1, the biopsies were removed from culture and weighed. Supernatant was collected and replenished on days 4 and 7 of culture. HIV-1 replication was monitored in the supernatant using a p24gag ELISA (Alliance, Perkin-Elmer, Waltham, MA). Data from participants using VCV-only, MK-2048-only, and MK-2048A VRs were combined for the PK/PD analysis. Nondetected VCV and MK-2048 (ng/mL) were imputed at ½ the median tissue weight LLOQ of 50 and 200 for VCV and MK-2048, respectively. The non-detected p24 at days 4, 7, and 11of the ex vivo assay were imputed as 15 pg/mL. All p24 data were adjusted for biopsy weight and cumulative p24 (sum of weight adjusted on days 4, 7, and 11) was log10 transformed and entered into a linear, least squares regression, to model PK endpoints at day 28. A statistically significant negative slope supported the finding of drug-mediated virus suppression.
Remnant drug analysis was performed on VRs removed on day 28. VRs were sanitized, weighed, and cut into 1 mm sections. Each VR section was weighed and transferred to a flask containing 50 mL of tetrahydrofuran and shaken for 4 hours at room temperature. Methanol was added to the tetrahydrofuran mixture, and the supernatants were centrifuged. The VCV and MK-2048 concentrations were determined by reverse phase HPLC analysis using a reference standard comparison.
Demographic and adherence data were analyzed using descriptive statistics. For the primary AE end points, the proportion of participants who experienced at least 1 AE was compared between the 4 study arms using Fisher exact test. For the primary PK end points, descriptive statistics were used to characterize the following PK parameters: area under the concentration-time curve to end of study (AUC (0-t) ), peak concentration (C max ), time to peak concentration (T max ), steady state concentration at day 28 (C ss 28), and terminal decay half-life. AUC (0-t) was calculated using the linear trapezoidal method with the final time point (t) being 1 week after VR removal. AUC (0-t) and C max were compared between study arms for each anatomic site using Wilcoxon-Mann-Whitney ranksum tests.
RESULTS
The study was conducted between May 2015 and March 2016 and enrolled 48 women from Birmingham (n = 24) and Pittsburgh (n = 24). Participant demographics and study flow are outlined in Table 1 and Figure 1 , respectively. All participants completed the study and contributed to the analysis. One participant had study product held for 2 days for use of a prohibited medication.
Thirteen grade 1 and 2 grade 2 related genitourinary AEs were observed in 9 women. Of the grade 1 AEs, vaginal burning, pruritis, and application site erythema and pain were noted. Both grade 2 related genitourinary AEs were due to vulvovaginal candidiasis. There were no statistically significant differences in the number of participants with related genitourinary AEs or any grade 2 AEs between the placebo arm and treatment arms. There were no grade 3 or higher AEs.
Plasma VCV concentration with the VCV-alone VR achieved peak concentrations more rapidly when compared to the combination VR (MK-2048A) (T max median 25 and 59 hours, respectively) followed by a similar decline in concentration after VR removal (median terminal decay half-life of 52 and 50 hours, respectively) (Table 2, Figure 2A ). The plasma AUC (0-t) and C max of the VCV-aloneVR compared to the MK-2048A combination VR did not differ significantly (P = .63 and P = .11, respectively).
The temporal pattern of VCV concentration in vaginal fluid followed a pattern similar to plasma achieving a T max median at 4 hours for participants with the VCV-alone VR in contrast to a later peaking T max median at 24 hours for the MK-2048A combination VR (Table 2, Figure 2B ). Consistent with plasma samples, the AUC (0-t) and C max from vaginal fluid samples of the VCV single drug VR compared to the MK-2048A combination VR did not differ significantly (P = .76 and P = .22, respectively). Concentrations for VCV using the day 28 cervical tissue samples were similar between the 2 VR arms (median 13.5 and 15.2 ng/mg, respectively). Cervical tissue VCV concentrations (2) 42% (5) Live with Partner 42% (5) 25% (3) 33% (4) 42% (5) Attended college 83% (10) 75% (9) 100% (12) 100% (12) Earn own income 92% (11) 92% (11) 100% (12) 100% (12) Statistics reported as mean (standard deviation) or percent (number of participants).
Abbreviations: AA, African American; VCV, vicriviroc. were quantifiable in all participants in the VCV-alone and combination MK-2048A VR arms. Plasma MK-2048 concentration with the MK-2048-alone VR achieved peak concentrations more rapidly when compared to the combination VR (T max median 27 and 47 hours, respectively), followed by a similar decline in concentration after VR removal (median terminal decay half-life of 3 and 2 hours, respectively) (Table 2, Figure 2C ). The plasma AUC (0-t) and C max of the MK-2048 single drug VR compared to the MK-2048A combination VR did not reach statistical significance (P = .18 and P = .08, respectively).
Vaginal fluid MK-2048 concentrations in the single drug study arm achieved a T max median of 22 hours and C max median of 27 398 ng/mL (Table 2, Figure 2D ). This was followed by a rapid fall in concentration after ring removal with median terminal decay half-life of 2 hours. By contrast, vaginal fluid MK-2048 concentrations with the MK-2048A combination VR achieved peak concentration 6 hours after VR placement with median C max 29 336 pg/mL. This was followed by a 2-hour median terminal half-life after VR removal. The vaginal fluid AUC (0-t) and C max of the MK-2048 single drug VR compared to the MK-2048A combination VR was not statistically significant (P = .93 and P = .84, respectively). Concentrations for MK-2048 testing using day 28 cervical tissue samples were similar among the MK-2048 alone and MK-2048A VR arms (median 0.50 and 0.19 ng/mg, respectively). Cervical tissue MK-2048 concentrations were quantifiable in all participants in the MK-2048-alone and MK-2048A combination VR arms.
Thirty of the 48 participants opted into the rectal fluid collection substudy, and 23 of 30 were on an active drug arm. Rectal fluid VCV concentrations from the day 28 samples were quantifiable for all substudy participants on the 2 VCV study product arms (9 in each arm). VCV concentrations did not differ significantly between the VCV single drug and MK-2048A combination VR arms (median 0.07 ng/mg in both arms, P = .96). MK-2048 was detectable in all but 1 of the day 28 rectal fluid samples from participants (5 in MK-2048 single drug arm, 9 in MK-2048A combination arm). The participant with undetectable rectal fluid concentration was in the MK-2048 alone arm. Rectal fluid concentrations were significantly higher in the MK-2048A combination VR arm than in the MK-2048 single drug VR arm (median 0.08 and 0.01 ng/g, respectively) (P = .0075). HIV replication as measured by cumulative p24 antigen corrected for tissue weight did not demonstrate a concentration-response relationship between tissue VCV or MK-2048 concentration from VCV, MK-2048, and MK-2048A combination VR users when drug was detectable (Figure 3) .
Thirty-seven of 48 (77%) participants enrolled reported being fully adherent to VR use during the 28-day period (ie, the VR was never removed). Of the 11 participants who reported not being fully adherent, 1 received the placebo VR, 1 received MK-2048-aloneVR, 3 received the VCV-alone VR, and 6 received the MK-2048A combination VR. Reasons for nonadherence included menses, tampon use or removal, and urination. In these events, the duration of time the VR was out of the vagina ranged from 1 minute to 21 hours. Remnant drug concentrations in VRs removed after 28 days showed mean residual VCV and MK-2048 concentrations of 76.1 mg and 19.6 mg in the VCV and MK-2048 arms, respectively, representing 41.8% and 65.3% of the loaded doses (Figure 4) .
During CASI sessions, participants were queried about 4 specific elements: ease of VR use, VR insertion or removal issues, and overall comfort with the VR. Seven of 47 (15%) participants reported at least 1 negative response to these queries over the entire study, including 1 woman in the VCV-alone arm, 2 women in the MK-2048-alone arm, and 4 women in the MK-2048A combination arm. There were no statistically significant differences between treatment and placebo arms based on this combined acceptability measure.
CONCLUSIONS
In this study of combination and single drug VRs containing VCV and/or MK-2048, the VRs were safe and well tolerated over 28 days with good adherence in healthy, sexually abstinent HIV-uninfected women. There were only 15 related genitourinary adverse events (13 grade 1, 2 grade 2) in the study and no statistically significant differences in the number of participants with related genitourinary or any AE between the placebo arm and the treatment arms.
VCV and MK-2048 were detectable in plasma, vaginal fluid, and rectal fluid. When released from the single drug or combination VR, both VCV and MK-2048 achieved peak concentrations in vaginal fluids, which were substantially higher when compared to plasma (200× for VCV, 30× for MK-2048). The presence of substantially lower drug concentrations in plasma when compared to vaginal fluids suggests less risk for systemic toxicity. In a subset of women, rectal fluid was assessed and both VCV and MK-2048 were detected at low concentrations (median <0.1 ng/mg) suggesting that drug penetration into the rectal compartment may not confer protection [17] .
Steady state concentrations of VCV and MK-2048 in cervical tissue obtained at day 28 were similar in the single drug and combination VR arms, but median VCV concentrations were 20 to 80 times higher than MK-2048 concentrations. Tissueassociated VCV and/or MK-2048 did not inhibit HIV infection in the ex vivo challenge assay in a concentration-dependent manner. The lack of HIV inhibitory activity for MK-2048 cervical tissue samples may correlate with insufficient drug penetration or possible drug transport out of tissue [18] . The estimated in vitro IC 50 for M-2048 is 0.14 ng/mg and the MK-2048 steady state concentration in cervical tissue ranged from 0.13 to 1.20 ng/mg, suggesting that not all tissue specimens had an adequate drug concentration for ex vivo HIV inhibition [11] . The median cervical tissue VCV steady state concentration at day 28 was approximately 10-fold above the in vitro IC 90 , but ex vivo HIV inhibition could not be demonstrated suggesting the possibility of drug loss from tissue during the transport or culturing period, which could have contributed to no apparent PD activity [19] . In another study evaluating VRs containing dapivirine and/or maraviroc, cervical tissues acquired from maraviroc VR users also did not show a concentration-response relationship with HIV replication and very little maraviroc was detected in the tissues [20] . Measuring drug concentrations in tissues as they are processed in the ex vivo challenge assay is warranted to more accurately link to HIV replication [21] . Future studies are needed to determine the optimal drug release and concentration profiles of VCV and MK-2048 needed to achieve protection from HIV acquisition.
The majority (77%) of women reported being fully adherent to use of the VR during the 28-day period. This level of adherence is consistent with what has been described in similar duration Phase 1 studies of candidate microbicide VRs in the United States and Africa [22, 23] . In a postmarket assessment of the NuvaRing®, 20.4% of women reported at least 1 expulsion during any 3-week use period, which is consistent with our findings [24] . The proportion of remnant drug in VRs collected at the end of the study was expected based on prior in vitro analysis of drug release with this VR formulation and suggests the VRs were used by participants as instructed [13] .
Because this was a PK and safety study, participants were asked to abstain from sexual activity throughout the study. Despite these restrictions that limit generalizability, study retention and self-reported ring adherence were good. It is unclear whether vaginal intercourse and /or presence of semen will affect PK parameters in vaginal fluids or genital tissue. In summary, VCV and/or MK-2048 containing VRs were safe and well tolerated in women after 28 days of use. Both VCV and MK-2048 were detectable in plasma, vaginal fluid, cervical tissue, and, to a lesser extent, rectal fluid. Peak compartmental drug concentrations were similar for single drug and combination VRs. Neither VCV, MK-2048, or the combination of the drugs delivered by a VR for 28 days provided dose-dependent inhibition of HIV infection ex vivo in cervical tissue. These data highlight the need to assess the adequacy of drug dosing in the VR and to measure genital tissue drug concentrations to develop more precise concentration-response relationships.
Notes

